Research in contextEvidence before this studyRenal cell carcinoma (RCC) is one of the top ten most frequently diagnosed cancers in the world, accounting for approximately 90% of all adult renal malignancies. Era of immunotherapy for metastatic renal cell carcinoma (mRCC) has come. Recently, several immune checkpoint inhibitor (ICI)-based treatments were tested in clinical trials, and exhibited promising survival benefits, yet there has been no current guidance regarding the optimum regimen. Thus, the PubMed, Cochrane Library, Web of Science, and [ClinicalTrials.gov](http://ClinicalTrials.gov){#ir0005} were searched for articles up to April 30, 2019, to conduct a Bayesian network analysis, which may help to compare the efficacy and safety of the available first-line options for mRCC, and provide clinical guidance.Added value of this studyTo our knowledge, this study is the most comprehensive network analysis to assess the efficacy and safety of all available first-line systemic treatments for mRCC. This analysis is based on 25 randomized clinical trials (RCTs), which included 13,010 patients randomly assigned to 23 different systemic treatments.Implications of all the available evidenceOur findings may provide new insights into different systemic treatments, especially the ICI-based treatments, which show that: pembrolizumab plus axitinib might be the best treatment for mRCC in the first-line setting; nivolumab plus ipilimumab had the most favorable balance between efficacy and acceptability; though cabozantinib was the most preferred option for progression-free survival (PFS), it was less effective than pembrolizumab plus axitinib and nivolumab plus ipilimumab for overall survival (OS), demonstrating ICI-based therapies have play an important role for treatment of mRCC. Evidence from our analysis may provide guidance to patients and clinicians when making treatment decisions and designing future comparative trials.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Renal cell carcinoma (RCC) is one of the top ten most frequently diagnosed cancers in the world, accounting for approximately 90% of all adult renal malignancies \[[@bb0005]\]. It was estimated that 65,340 people would be diagnosed with, and 14,970 people would die of RCC in 2018 in the United States \[[@bb0010]\]. About 30% of patients with RCC present with metastatic tumors at the time of initial diagnosis typically require systemic treatment \[[@bb0015],[@bb0020]\]. Targeted therapies with less toxicity and higher survival benefit have become the mainstay for metastatic RCC (mRCC) \[[@bb0025],[@bb0030]\], and up till now, multiple targeted therapies such as tyrosine kinase inhibitors (TKIs), mammalian target of rapamycin (mTOR) pathway inhibitors, and vascular endothelial growth factor (VEGF) monoclonal antibody in combination with interferon have been approved as first-line systemic treatments for mRCC \[[@bb0015]\].

With improved understanding of immune response to cancers, inhibition of immune checkpoints such as cytotoxic-T-lymphocyte-associated antigen 4 (CTLA-4) and programmed death-1 (PD-1) with monoclonal antibodies have been successfully used for treating solid tumors and haematological malignancies, and revolutionized the therapeutic strategy for cancers \[[@bb0035]\]. Thus, beyond targeted therapies, various immune checkpoint inhibitors (ICIs) have been tried as new first-line treatments for mRCC. Currently, combination of ICIs blocking PD-1 (nivolumab) and CTLA-4 (ipilimumab) was demonstrated to provide overall survival (OS) benefit for advanced RCC versus sunitinib in a phase 3 trial (CheckMate 214) \[[@bb0040]\]. Based on these data, nivolumab plus ipilimumab has been listed as a first-line treatment for RCC \[[@bb0045],[@bb0050]\]. Moreover, in recent clinical trials (IMmotion151, KEYNOTE-426, and JAVELIN Renal101), other ICI-based combination treatments including atezolizumab plus bevacizumab, pembrolizumab plus axitinib, and avelumab plus axitinib also exhibited significantly OS or progression-free survival (PFS) benefit for mRCC than sunitinib \[[@bb0055], [@bb0060], [@bb0065]\].

Obviously, the era of immune checkpoint therapy has come. However it is difficult for clinicians to identify the optimum treatment since existing head-to-head randomized clinical trials (RCTs) are insufficient to simultaneously compare the ICI-based related therapies and conventional first-line therapies for mRCC in terms of effectiveness and safety. Therefore, we sought to summarize, and compare the clinical outcomes and adverse events (AEs) associated with all the available first-line options for mRCC using the Bayesian network analysis.

2. Materials and methods {#s0025}
========================

2.1. Data sources and search strategy {#s0030}
-------------------------------------

This study was performed based on the preferred reporting items for systematic reviews and meta-analyses (PRISMA) extension statement for network meta-analysis \[[@bb0070]\]. A systematic search of literature was conducted on PubMed, Cochrane Library, Web of Science, and [ClinicalTrials.gov](http://ClinicalTrials.gov){#ir0010} for RCTs comparing at least two first-line systemic therapies of mRCC in April 2019. All the identified trials and relevant reviews were screened to ensure completeness. No publication date or language restrictions were imposed. The complete search terms and systematic search strategy are documented in Appendix 1 in Supplementary material.

2.2. Selection criteria {#s0035}
-----------------------

Inclusion of studies was restricted to RCTs. Patients with mRCC received systemic therapies were considered. Relevant interventions included, but were not restricted to: sunitinib, cabozantinib, pazopanib, atezolizumab, temsirolimus, tivozanib, nintedanib, everolimus, axitinib, sorafenib, nivolumab plus ipilimumab, pembrolizumab plus axitinib, avelumab plus axitinib, atezolizumab plus bevacizumab, bevacizumab plus IFN-α. Trials were excluded if patients were assigned to placebo or observation, or had previously received systemic therapy. Nonoriginal, duplicates, and non-RCT designs were not permitted. Firstly, we screened the titles and abstracts of the studies which were obtained through the systematic search, and excluded the studies if they satisfied the following criteria: (1) duplicates; (2) non-RCT designs including animal/cell experiments, case reports, cohort/case-control studies, which could be identified through titles and abstracts; (3) clinical trials which contained less than two systemic therapies. Subsequently, the remaining studies were given a full-text review, and further exclusions were made if they met the following exclusion criteria: (1) initial or duplicate reports; (2) reviews and editorials; (3) pooled analyses; (4) non-randomized clinical trials; (5) clinical trials of second-line treatments; (6) clinical trials not including active comparator arm. After the full-text review, the eligible RCTs were included in our study and utilized for further analyses.

2.3. Outcomes {#s0040}
-------------

The primary outcome was OS. PFS and high-grade (grade ≥ 3) drug-related AEs (National Cancer Institute Common Toxicity Criteria version 3.0) were assessed as the secondary outcomes.

2.4. Data extraction and quality assessment {#s0045}
-------------------------------------------

Search and screening of the potentially relevant studies at the title and abstract level were independently performed by two reviewers (Junpeng Wang and Xin Li). Full-texts were reviewed when abstracts were insufficient to assess the eligibility of identified trials. Subsequently, data on patient characteristics, treatment strategies, definition of outcomes, and numbers of events were extracted into a standardized form by one author (Junpeng Wang), and verified by another author (Xin Li). Disagreements were resolved by consensus in consultation with a third reviewer (Xiaoqiang Wu). The methodological quality of included RCTs was assessed using the Risk of Bias Assessment Tool from the Cochrane Handbook for randomized trials \[[@bb0075]\].

2.5. Data synthesis and analysis {#s0050}
--------------------------------

In the pooled analysis, both random-effect model and fixed-effect model were performed with Bayesian approach \[[@bb0080]\]. For the assessment of OS and PFS, the relevant outcomes were presented as the published hazard ratios (HRs) with 95% credible intervals (CrIs) \[[@bb0085]\]. For studies not reporting HRs, we calculated them employing the pragmatic approach reported by Tierney et al. \[[@bb0090]\]. When assessing drug-related AEs, odds ratios (ORs) were estimated for meta-analysis using the available raw data abstracted from the trials \[[@bb0085]\]. For the assessment of OS and PFS, contrast-based approach was applied. The results were obtained from a run of 15,000 iterations (3 chains, 5000 per chain), after a training phase of 5000 iterations. In order to minimize autocorrelation, we applied a thinning interval of 50 for each chain. Detailed operation code was available in Appendix 2 in Supplementary material. For high-grade AEs, we computed ORs on averages of the 60,000 iterations after a training phase of 40,000 iterations. The treatments were ranked in terms of OS, PFS and high-grade AEs, respectively, using the distribution of the ranking probabilities and the surface under the cumulative ranking curve (SUCRA) \[[@bb0095]\].

Network plots were utilized to illustrate the connectivity of the treatment networks in terms of OS, PFS and high-grade AEs, respectively. Heterogeneity in the network was quantified using the chi-square test and *I*^2^ statistic within each pairwise comparison when 2 or more trials were available for the comparison. When *p* value \< .10 and *I*^2^ \> 50%, heterogeneity was considered to be fairly high \[[@bb0100]\]. Model fit was assessed based on the deviance information criteria (DIC) and between-study standard deviation \[[@bb0080],[@bb0105],[@bb0110]\]. Differences of DIC values between the models of \>3 or 5 were considered significant \[[@bb0080],[@bb0115]\]. Since one of the key assumptions behind network meta-analysis is that direct and indirect evidence on the same comparisons do not disagree beyond chance (ie, consistency), network inconsistencies should be considered \[[@bb0080]\]. In our networks, most of the direct comparisons were provided by only one trial, and it was uncommon for most comparisons to have both direct and indirect evidence, thus we assumed coherence for our analysis. Node-splitting approach was performed to detect if there was incoherence in closed loop \[[@bb0080]\]. Transitivity assumption (i.e., trials comparing different treatments are similar in terms of important characteristics) was evaluated by comparing distribution of potential effect modifiers across the available trials \[[@bb0120]\]. We considered median age and sex ratio of the patients as the effect modifiers. Sensitivity analyses were performed excluding studies with performance bias, with detection bias, that selected non-clear cell carcinoma subtype, and that were randomized phase 2 trials, respectively. All the data analyses except the assessment of OR were performed using OpenBUGS version 3.2.2, and the results were visualized with Stata v.12 (StataCorp, College Station, TX, USA) for nice graphics. We analyzed OR using GeMTC to reduce analysis time and efforts, since it didn\'t require manually writing a statistical model \[[@bb0125]\].

3. Results {#s0055}
==========

3.1. Search results, study characteristics and network assumption {#s0060}
-----------------------------------------------------------------

Through literature search, 2390 potentially eligible studies were identified, of which 2294 were excluded based on screening titles and abstracts ([Fig. 1](#f0005){ref-type="fig"}). After a full-text review of 96 remaining studies, 25 unique RCTs (13,010 patients) were included in this network meta-analysis ([Table 1](#t0005){ref-type="table"}). In the included trails, 23 first-line systemic treatments were involved. All treatments were assessed in at least one RCT. The mean sample size was 218 patients per group (range 32--557), and seven RCTs having at least 100 patients per group. Twenty two trials were selected for clear-cell carcinoma subtypes \[[@bb0055], [@bb0060], [@bb0065],[@bb0130], [@bb0135], [@bb0140], [@bb0145], [@bb0150], [@bb0155], [@bb0160], [@bb0165], [@bb0170]\], and three trials also included small subsets of non-clear-cell histotypes, each comprising 4%--15% of the study population \[[@bb0175], [@bb0180], [@bb0185]\]. Details of RCT characteristics were summarized in [Table 1](#t0005){ref-type="table"}. There was no evidence that median age and sex ratio differed across the trials (Supplementary Figs. S1 and S2). No major differences in study characteristics were observed. The included patients with a median age of 61 years were prevalently male (72.3%, 6033 of 8341). The networks of eligible comparisons were graphically represented in network plots, showing that there were 15, 23 and 20 treatments connected to at least one other treatment in terms of OS ([Fig. 2](#f0010){ref-type="fig"}A), PFS ([Fig. 2](#f0010){ref-type="fig"}B) and high-grade AEs ([Fig. 2](#f0010){ref-type="fig"}C), respectively.Fig. 1Literature search and selection.Fig. 1Table 1Studies included in the multiple-treatments meta-analysis.Table 1StudyNumber of patientsAge (years) median (range)Sex (% male)Median PFS in monthsPFS HR (95% CrI)Median OS in monthsOS HR (95% CrI)High grade AE, %Phase of the clinical trialRini 2019 (KEYNOTE-426) Pembrolizumab plus axitinib43262 (30--89)308 (71)15.10.69 (0.57--0.84)NR0.53 (0.38--0.74)763 Sunitinib42961 (26--90)320 (75)11.11 (Ref)NR1 (Ref)71Motzer 2019 (JAVELIN Renal 101) Avelumab plus axitinib44262 (29--83)316 (72)13.80.69 (0.56--0.84)NR0.78 (0.55--1.08)713 Sunitinib44461 (27--88)344 (78)8.41 (Ref)NR1 (Ref)72Motzer 2018 (CheckMate 214) Nivolumab plus ipilimumab55062 (26--85)413 (75)11.60.82(0.64--1.05)^ǂ^NR0.63 (0.44--0.89) §463 Sunitinib54662 (21--85)395 (72)8.41 (Ref)261 (Ref)63Motzer 2018 (IMmotion 151) Atezolizumab plus bevacizumab45462 (24--88)318 (70)11.20.83 (0.70--0.97)NR0.81 (0.63--1.03)403 Sunitinib46160 (18--84)350 (76)8.41 (Ref)NR1 (Ref)54Tomita 2017 Sunitinib57NANA8.70.67 (0.42--1.08)NANANA3 Sorafenib63NANA71 (Ref)NANANAMcDermott 2017 (IMmotion150) Atezolizumab plus bevacizumab101NANA11.71.00 (0.69--1.45)NANA402 Atezolizumab103NANA6.11.19 (0.8--1.71)NANA16 Sunitinib101NANA8.41 (Ref)NANA56Cirkel 2017 (ROPETAR) Pazopanib plus everolimus5265 (44--87)38 (73)7.40.81 (0.50--1.29)350.90 (0.51--1.58)422 Pazopanib4967 (38--82)31 (63)9.41 (Ref)18.51 (Ref)49Choueiri 2017 (CABOSUN) Cabozantinib7963 (40--82) 82.0)66 (84)8.20.66 (0.46 to 0.95)30.30.8 (0.50 to 1.26)672 Sunitinib7864 (31--87)57 (73)5.61 (Ref)21.81 (Ref)68Ravaud 2015 (RECORD-2) Everolimus plus bevacizumab18260 (20--84)138 (76)9.30.91 (0.69--1.19)27.11.01 (0.75--1.34)812 Bevacizumab plus interferon-α18360 (31--81)131 (72)101 (Ref)27.11 (Ref)76Eisen 2015 Nintedanib6462 (42--86)44 (69)8.441.12 (0.70--1.80)20.370.92 (0.54--1.56)482 Sunitinib3258 (29--79)22 (69)8.831 (Ref)21.221 (Ref)59Eichelberg 2015 (SWITCH) Sorafenib18264 (39--84)139 (76)5.91.19(0.97--1.47)[†](#tf0010){ref-type="table-fn"}NANA643 Sunitinib18365 (40--83)135 (74)8.51 (Ref)NANA65Rini 2014 (INTORACT) Temsirolimus plus bevacizumab40059 (22--87)288 (72)9.11.1(0.9--1.3)25.81.0 (0.9--1.3)803 Bevacizumab plus interferon-α39158 (23--81)270 (69)9.31 (Ref)25.51 (Ref)76Motzer 2014 (RECORD-3) Everolimus23862 (20--89)166 (70)7.91.4 (1.2--1.8)NANANA2 Sunitinib23862 (29--84)176 (74)10.71 (Ref)NANANAMotzer 2013 Tivozanib18159 (23--83)185 (71)12.70.756 (0.580--0.985)28.8NA613 Sorafenib18159 (23--85)189 (74)9.11 (Ref)29.3NA70Motzer 2013 (COMPARZ) Pazopanib55761 (18--88)398 (71)8.41.05 (0.90--1.22)28.40.91 (0.76 to 1.08)743 Sunitinib55362 (23--86)415 (75)9.51 (Ref)29.31 (Ref)73Hutson 2013 Axitinib19258 (23--83)134 (70)10·10.77 (0.56--1.05)NANA333 Sorafenib9658 (20--77)74 (77)6.51 (Ref)NANA25Rini 2012 Sorafenib plus trebananib (10 mg/kg)5060 (39--80)50 (82)90.80 (0.50--1.28)NRNA662 Sorafenib plus trebananib (3 mg/kg)5158 (28--84)51 (69)8.50.96 (0.61--1.50)29.2NA73 Sorafenib plus placebo5159 (38--84)51 (75)91 (Ref)27.1NA86Procopio 2011 (ROSORC) Sorafenib plus interleukin-26664 (57--69)[⁎](#tf0005){ref-type="table-fn"}52 (79)NA0.91 (0.62--1.35)[\#](#tf0015){ref-type="table-fn"}380.91 (0.59--1.41)382 Sorafenib6262 (52--69)[⁎](#tf0005){ref-type="table-fn"}43 (69)NA1 (Ref)331 (Ref)26Negrier 2011 (TORAVA) Temsirolimus plus bevacizumab8862.0 (33--83)65 (74)8.20.95 (0.62--1.45)[\#](#tf0015){ref-type="table-fn"}NANANA2 Bevacizumab plus interferon-α4161.9 (40--79)27 (66)16.80.65 (0.34--1.24)[\#](#tf0015){ref-type="table-fn"}NANANA Sunitinib4261.2 (33--83)32 (76)8.21 (Ref)NANANAJonasch 2010 Sorafenib plus interferon-α4060.7 (43--81)29 (73)7.560.85 (0.51--1.42)27.042.17 (0.92--5.12)NA2 Sorafenib4062.4 (45--83)32 (80)7.391 (Ref)NR1 (Ref)NAMotzer 2009 Sunitinib37562 (27--87)267 (71)110.54 (0.45--0.64)26.40.81 (0.66--0.99)NA3 Interferon-α37559 (34--85)269 (72)51 (Ref)21.81 (Ref)NAEscudier 2009 Sorafenib9762.0 (34--78)65 (67)5.70.88 (0.61--1.27)NANA412 Interferon-α9262.5 (18--80)52 (57)5.61 (Ref)NANA36Rini 2008 (CALGB 90206) Bevacizumab plus interferon-α36961 (56--70)269 (73)8.50.71 (0.61--0.83)18.30.86 (0.73--1.01)803 Interferon-α36362 (55--70)239 (66)5.21 (Ref)17.41 (Ref)63Hudes 2007 (ARCC) Temsirolimus20958 (32--81)139 (66)5.50.82 (0.64--1.06)[\#](#tf0015){ref-type="table-fn"}10.90.73 (0.58 to 0.92)673 Temsirolimus plus interferon-α21059 (32--82)145 (69)4.70.74 (0.61--0.89)[\#](#tf0015){ref-type="table-fn"}8.40.96 (0.76 to 1.20)78 Interferon-α20760 (23--86)148 (71)3.11 (Ref)7.31 (Ref)84Escudier 2007 (AVOREN) Bevacizumab plus interferon-α32761 (30--82)222 (68)10.20·61 (0·51--0·73)23.30.78 (0.63 to 0.96)603 Interferon-α32260 (18--81)234 (73)5.41 (Ref)21.31 (Ref)45[^2][^3][^4][^5][^6]Fig. 2Network of the comparisons for the Bayesian network meta-analysis. Network plot for (A) OS, (B) PFS and (C) high-grade AEs. The size of every treatment node corresponds to the number of randomly assigned patients. The width of the lines is proportional to the number of trials. SUN = sunitinib. CAB = cabozantinib. NIV_IPI = nivolumab plus ipilimumab. PEM_AXI = pembrolizumab plus axitinib. AVE_AXI = avelumab plus axitinib. ATE_BEV = atezolizumab plus bevacizumab. EVE_BEV = everolimus plus bevacizumab. TEM_BEV = temsirolimus plus bevacizumab. TEM_IFN = temsirolimus plus interferon-α. PAZ_EVE = pazopanib plus everolimus. BEV_IFN = bevacizumab plus interferon-α. SOR_TRE = sorafenib plus trebananib. SOR_IL-2 = sorafenib plus interleukin-2. SOR_IFN = sorafenib plus interferon-α. PAZ = pazopanib. ATE = atezolizumab. TEM = temsirolimus. AXI = axitinib. TIV = tivozanib. NIN = nintedanib. EVE = everolimus. SOR = sorafenib. IFN = interferon-α.Fig. 2

In our analysis, DIC values (or between-study standard deviation values for OR) of fixed-effect model were lower than that of random-effect model (Supplementary Tables S1--S3) without significance. Since most of the direct comparisons were informed by a single trial, heterogeneity was driven entirely by few direct comparisons with 2 or more trials, and was found to be very low (*I*^2^ \< 50%, Supplementary Table S4). Therefore, based on both of DIC and heterogeneity, the fixed-effect was selected as the appropriate fit. Results of random-effect model could be found in Supplementary material. An extended description of the assessment of network inconsistency was noted in the Supplementary Table S5, showing that there was no incoherence.

3.2. Overall survival {#s0065}
---------------------

Totally, 15 first-line systemic treatments presented in 16 studies (9343 patients) were analyzed for OS \[[@bb0055], [@bb0060], [@bb0065],[@bb0130],[@bb0150], [@bb0155], [@bb0160], [@bb0165], [@bb0170],[@bb0180],[@bb0190], [@bb0195], [@bb0200], [@bb0205], [@bb0210], [@bb0215]\]. The network meta-analysis demonstrated that pembrolizumab plus axitinib (HR: 0.53; 95% CrI: 0.38--0.73), and nivolumab plus ipilimumab (HR: 0.63; 95% CrI: 0.50--0.79) were associated with significantly higher improvement in OS than sunitinib ([Fig. 3](#f0015){ref-type="fig"}A). Most treatments (9/14) were associated with significantly higher risks of over mortality compared with pembrolizumab plus axitinib, except cabozantinib (HR: 1.52; 95% CrI: 0.86--2.67), nivolumab plus ipilimumab (HR: 1.19; 95% CrI: 0.80--1.76), avelumab plus axitinib (HR: 1.47; 95% CrI: 0.91--2.35), pazopanib plus everolimus (HR: 1.57; 95% CrI: 0.80--3.06), and nivolumab (HR: 1.74; 95% CrI: 0.93--3.26) ([Fig. 3](#f0015){ref-type="fig"}B). Based on the results of ranking, there was a 68% probability for pembrolizumab plus axitinib to be the best choice for OS (SUCRA = 96.3%), while IFN-α was likely to be the worst ([Fig. 6](#f0030){ref-type="fig"} and Supplementary Table S6).Fig. 3Pooled hazard ratios for overall survival. (A) Forest plot, with sunitinib as the comparator; (B) Forest plot, with pembrolizumab plus axitinib as the comparator. HR = hazard ratio. CrI = credible interval. Numbers in parentheses indicate 95% credible intervals. SUN = sunitinib. CAB = cabozantinib. NIV_IPI = nivolumab plus ipilimumab. PEM_AXI = pembrolizumab plus axitinib. AVE_AXI = avelumab plus axitinib. ATE_BEV = atezolizumab plus bevacizumab. EVE_BEV = everolimus plus bevacizumab. TEM_BEV = temsirolimus plus bevacizumab. TEM_IFN = temsirolimus plus interferon-α. PAZ_EVE = pazopanib plus everolimus. BEV_IFN = bevacizumab plus interferon-α. PAZ = pazopanib. TEM = temsirolimus. NIN = nintedanib. IFN = interferon-α.Fig. 3

3.3. Progression-free survival {#s0070}
------------------------------

In terms of PFS, 25 trials (11,771 patients) comparing 23 first-line systemic treatments were available for assessment \[[@bb0055], [@bb0060], [@bb0065],[@bb0130], [@bb0135], [@bb0140], [@bb0145], [@bb0150], [@bb0155], [@bb0160], [@bb0165], [@bb0170], [@bb0175], [@bb0180], [@bb0185], [@bb0190], [@bb0195], [@bb0200], [@bb0205], [@bb0210], [@bb0215], [@bb0220], [@bb0225], [@bb0230], [@bb0235]\]. According to the results, cabozantinib (HR: 0.66; 95% CrI: 0.46--0.94), nivolumab plus ipilimumab (HR: 0.82; 95% CrI: 0.68--0.99), pembrolizumab plus axitinib (HR: 0.69; 95% CrI: 0.57--0.84), avelumab plus axitinib (HR: 0.69; 95% CrI: 0.56--0.85), and atezolizumab plus bevacizumab (HR: 0.86; 95% CrI: 0.74--0.99) were statistically superior to sunitinib, while temsirolimus (HR: 1.38; 95% CrI: 1.03--1.85), everolimus (HR: 1.40; 95% CrI: 1.14--1.71), sorafenib (HR: 1.31; 95% CrI: 1.08--1.59), and IFN-α (HR: 1.68; 95% CrI: 1.44--1.96) were statistically inferior to sunitinib ([Fig. 4](#f0020){ref-type="fig"}A). Compared with pembrolizumab plus axitinib, pazopanib (HR: 1.53; 95% CrI: 1.19--1.94), atezolizumab (HR: 1.73; 95% CrI: 1.13--2.64), temsirolimus (HR: 2.00; 95% CrI: 1.41--2.83), everolimus (HR: 2.03; 95% CrI: 1.53--2.68), sorafenib (HR: 1.90; 95% CrI: 1.44--2.49), IFN-α (HR: 2.44; 95% CrI: 1.91--3.12), temsirolimus plus bevacizumab (HR: 1.67; 95% CrI: 1.24--2.24), temsirolimus plus IFN-α (HR: 1.80; 95% CrI: 1.32--2.46), bevacizumab plus IFN-α (HR: 1.57; 95% CrI: 1.21--2.04), sorafenib plus trebanbanib (HR: 1.66; 95% CrI: 1.08--2.55), and sorafenib plus IL-2 (HR: 1.73; 95% CrI: 1.07--2.77) were statistically inferior ([Fig. 4](#f0020){ref-type="fig"}B). None of the treatments had significantly better efficacies than pembrolizumab plus axitinib ([Fig. 4](#f0020){ref-type="fig"}B). Ranking on PFS indicated that cabozantinib had the highest probability (43%) to be the preferred options (SUCRA = 92.5%), followed by pembrolizumab plus axitinib, and avelumab plus axitinib (Supplementary Fig. S3 and Supplementary Table S7).Fig. 4Pooled hazard ratios for progression-free survival. (A) Forest plot, with sunitinib as the comparator; (B) Forest plot, with pembrolizumab plus axitinib as the comparator. HR = hazard ratio. CrI = credible interval. Numbers in parentheses indicate 95% credible intervals. SUN = sunitinib. CAB = cabozantinib. NIV_IPI = nivolumab plus ipilimumab. PEM_AXI = pembrolizumab plus axitinib. AVE_AXI = avelumab plus axitinib. ATE_BEV = atezolizumab plus bevacizumab. EVE_BEV = everolimus plus bevacizumab. TEM_BEV = temsirolimus plus bevacizumab. TEM_IFN = temsirolimus plus interferon-α.PAZ_EVE = pazopanib plus everolimus. BEV_IFN = bevacizumab plus interferon-α. SOR_TRE = sorafenib plus trebananib. SOR_IL-2 = sorafenib plus interleukin-2. SOR_IFN = sorafenib plus interferon-α. PAZ = pazopanib. ATE = atezolizumab. TEM = temsirolimus. AXI = axitinib. TIV = tivozanib. NIN = nintedanib. EVE = everolimus. SOR = sorafenib. IFN = interferon-α.Fig. 4

3.4. High-grade adverse events {#s0075}
------------------------------

Toxicity of the treatments based on high-grade AEs within 20 RCTs (10,345 patients) were analyzed, and the results of comparisons caused by 20 systemic treatments are presented in [Fig. 5](#f0025){ref-type="fig"} \[[@bb0055], [@bb0060], [@bb0065],[@bb0130],[@bb0140], [@bb0145], [@bb0150], [@bb0155], [@bb0160], [@bb0165], [@bb0170],[@bb0180], [@bb0185], [@bb0190],[@bb0220], [@bb0225], [@bb0230]\]. Compared with sunitinib, atezolizumab (OR: 0.15; 95% CrI: 0.07--0.30), temsirolimus (OR: 0.24; 95% CrI: 0.09--0.69), nivolumab plus ipilimumab (OR: 0.50; 95% CrI: 0.28--0.84), atezolizumab plus bevacizumab (OR: 0.56; 95% CrI: 0.36--0.83), and sorafenib plus trebanbanib (OR: 0.32; 95% CrI: 0.10--0.97) were associated with significantly lower rate of high-grade AEs. Pazopanib (OR: 2.10; 95% CrI: 1.00--4.67), pembrolizumab plus axitinib (OR: 2.60; 95% CrI: 1.25--5.64), everolimus plus bevacizumab (OR: 4.38; 95% CrI: 1.42--13.28), temsirolimus plus bevacizumab (OR: 4.37; 95% CrI: 1.83--10.84), bevacizumab plus IFN-α (OR: 3.37; 95% CrI: 1.39--8.41), and sorafenib plus IL-2 (OR: 3.36; 95% CrI: 1.09--12.25) showed statistically higher incidences of high-grade AEs than nivolumab plus ipilimumab. Among all analyzed treatments, atezolizumab and temsirolimus had the highest probability to be the best tolerated among all analyzed treatments (SUCRA = 97.2% and 91.8%, respectively), whereas temsirolimus plus bevacizumab everolimus and plus bevacizumab had the least favorable toxicity profile (Supplementary Fig. S4 and Table S8).Fig. 5Pooled odds ratios for high-grade adverse events. The column treatment is compared with the row treatment. ORs lower than 1 favor the column-defining treatment. Numbers in parentheses indicate 95% credible intervals. Significant results are underscored. SUN = sunitinib. CAB = cabozantinib. NIV_IPI = nivolumab plus ipilimumab. PEM_AXI = pembrolizumab plus axitinib. AVE_AXI = avelumab plus axitinib. ATE_BEV = atezolizumab plus bevacizumab. EVE_BEV = everolimus plus bevacizumab. TEM_BEV = temsirolimus plus bevacizumab. TEM_IFN = temsirolimus plus interferon-α. PAZ_EVE = pazopanib plus everolimus. BEV_IFN = bevacizumab plus interferon-α. SOR_TRE = sorafenib plus trebananib. SOR_IL-2 = sorafenib plus interleukin-2. PAZ = pazopanib. ATE = atezolizumab. TEM = temsirolimus. TIV = tivozanib. SOR = sorafenib. NIN = nintedanib. IFN = interferon-α.Fig. 5Fig. 6Ranking of treatments in terms of overall survival. Rankograms were drawn according to distribution of the ranking probabilities. Ranking indicates the probability to be the best treatment, the second best, the third best, and so on in terms of overall survival, among 15 treatments. SUN = sunitinib. CAB = cabozantinib. NIV_IPI = nivolumab plus ipilimumab. PEM_AXI = pembrolizumab plus axitinib. AVE_AXI = avelumab plus axitinib. ATE_BEV = atezolizumab plus bevacizumab. EVE_BEV = everolimus plus bevacizumab. TEM_BEV = temsirolimus plus bevacizumab. TEM_IFN = temsirolimus plus interferon-α. PAZ_EVE = pazopanib plus everolimus. BEV_IFN = bevacizumab plus interferon-α. PAZ = pazopanib. TEM = temsirolimus. NIN = nintedanib. IFN = interferon-α.Fig. 6

3.5. Sensitivity analysis, publication bias, and risk of bias {#s0080}
-------------------------------------------------------------

To test the robustness of significant results, we conducted sensitivity analyses excluding studies with performance bias, with detection bias, that selected non-clear cell carcinoma subtype, and that were randomized phase 2 trials on OS, PFS and high AEs. The results showed that removing these studies did not substantially affect the results (Supplementary Tables S9--20), indicating the robustness of our findings. The comparison-adjusted funnel plot for OS reported a symmetric distribution (Supplementary Fig. S5), indicating no hint of small-study effects and publication bias. The methodological quality was moderate in the included studies, and as three trials have only been reported in abstract form, their risk of bias couldn\'t be assessed accurately \[[@bb0065],[@bb0115],[@bb0120]\]. Generally, all the remaining studies were free of definite high risk of bias for random sequence generation, allocation concealment, incomplete outcome data, and selective reporting of outcomes (Supplementary Fig. S6).

4. Discussion {#s0085}
=============

This updated network meta-analysis was based on 25 trials including 13,010 patients, and compared 23 first-line systemic treatments for mRCC. There are several principal findings. Firstly, pembrolizumab plus axitinib was probably the best option for OS, and statistically more effective than most available treatments (9/14). Secondly, though cabozantinib was the most preferred treatment strategy for prolonging PFS, it didn\'t provide significantly better OS benefit than sunitinib. Thirdly, temsirolimus and atezolizumab were the best tolerated. The ICI-based combination treatments (nivolumab plus ipilimumab, pembrolizumab plus axitinib, avelumab plus axitinib, and atezolizumab plus bevacizumab) resulted in fewer or similar high-grade AEs than sunitinib.

In this meta-analysis, pembrolizumab plus axitinib appeared to be the best option based on OS. Obvious anti-tumor activity of axitinib or pembrolizumab used as monotherapy for patients with mRCC has been reported in previous studies \[[@bb0225],[@bb0240]\]. Consequently, combination of pembrolizumab and axitinib was also tested, and results of a phase 1b trial showed that 73% of patients could have a response to this combination \[[@bb0245]\]. Data of pembrolizumab plus axitinib we used for analysis were derived from the KEYNOTE-426 trial. The results of KEYNOTE-426 trial was consistent with ours, showing that pembrolizumab plus axitinib resulted in significantly longer OS and PFS than sunitinib \[[@bb0055]\]. Moreover, survival benefit of pembrolizumab plus axitinib was observed across all risk groups, and independent of PD-L1 status \[[@bb0055]\].

Pembrolizumab plus axitinib is a combination of anti-PD-1 monoclonal antibody and VEGF receptor (VEGFR) TKI. Immune checkpoints, such as CTLA-4 and PD-1, are negative regulators that inhibit proliferation and activity of T cells, and blockade of immune checkpoints could result in tumor eradication by reactivating and enhancing internal T-cell response \[[@bb0250]\]. VEGF inhibition has been shown to suppress angiogenesis, and increase the recruitment and infiltration of T cells into the tumors \[[@bb0255], [@bb0260], [@bb0265]\]. Simultaneous blockade of PD-1 and VEGFR2 induced decreased tumor neovascularization, upregulation of pro-inflammatory cytokines, and tumor inhibition in a murine model \[[@bb0270]\]. These studies hinted that the combination of ICI and VEGF axis inhibitors could play an important role in the treatment of RCC, and subsequently a large number of trials were performed for testing the effectiveness of such combinations. Recently, besides pembrolizumab plus axitinib, avelumab (anti-PD-L1 antibody) plus axitinib, and atezolizumab (anti-PD-L1 antibody) plus bevacizumab (anti-VEGF monoclonal antibody) were respectively investigated in two large-scale RCTs (IMmotion 151 and JAVELIN Renal 101), and both of them showed significant advantages in survival for patients with mRCC compared with sunitinib \[[@bb0060],[@bb0065]\]. However, head-to-head comparative trials regarding combinations of ICI and VEGF axis inhibitors (pembrolizumab plus axitinib, avelumab plus axitinib, and atezolizumab plus bevacizumab) are lacking. Our pooled analysis evaluating the effects of these three combinations revealed that pembrolizumab plus axitinib showed the best in the analysis of OS.

Of note, dual checkpoints inhibition with anti-PD-1 antibody nivolumab and anti-CTLA-4 antibody ipilimumab was explored for mRCC in CheckMate-214 trial, producing impressive results likewise \[[@bb0110]\]. In practice, however, nivolumab plus ipilimumab might not be as effective as pembrolizumab plus axitinib given concerns about results of ranking in our study. Though both pembrolizumab plus axitinib, and nivolumab plus ipilimumab were demonstrated significantly improved OS versus sunitinib, there was a 68% probability that pembrolizumab plus axitinib was the best choice for OS, whereas a 48% probability that nivolumab plus ipilimumab was the second. Moreover, pembrolizumab plus axitinib was also significantly more efficacious than monotherapies (pazopanib, temsirolimus, and IFN-α), and mTOR inhibitor- or cytokine-related combination therapies (atezolizumab plus bevacizumab, everolimus plus bevacizumab, temsirolimus plus bevacizumab, temsirolimus plus IFN-α, and bevacizumab plus IFN-α) as measured by OS in our study.

In terms of PFS, cabozantinib, nivolumab plus ipilimumab, pembrolizumab plus axitinib, avelumab plus axitinib, and atezolizumab plus bevacizumab were statistically superior to sunitinib, and among these four treatments, cabozantinib was likely to be the preferred option followed by pembrolizumab plus axitinib, avelumab plus axitinib, and nivolumab plus ipilimumab. However, OS benefit for cabozantinib over sunitinib was not observed, while the ICI-based combination treatments including pembrolizumab plus axitinib, and nivolumab plus ipilimumab were significantly superior to sunitinib. The disparate efficacy of these treatments with respect to OS and PFS should be noticed. Hypothetically, this phenomenon could be explained by immunotherapy-induced pseudoprogression. Some patients treated with immunotherapies were observed to experience initial increased size of tumor, confirmed by biopsy as inflammatory cell infiltrates or necrosis \[[@bb0275],[@bb0280]\]. This phenomenon was also observed in two phase 3 RCTs for metastatic breast cancer \[[@bb0285]\] and colorectal cancer \[[@bb0290]\], showing significant efficacy of the experimental treatments in terms of OS, but not of PFS. These previous studies together with our network meta-analysis demonstrated that the surrogacy of PFS for OS, the gold standard for registration trials, may be difficult to establish, and OS should remain the primary endpoint of clinical trials to assess efficacy of treatments, especially the ICI-based therapies.

We examined high-grade AEs as a measure of the toxicity of treatments. Though acceptability of temsirolimus and atezolizumab acceptability surpassed all the other treatments, their efficacy showing no significant survival benefits than sunitinib were unsatisfactory. Two combination treatments of mTOR inhibitor plus anti-VEGF antibody (everolimus plus bevacizumab, and temsirolimus plus bevacizumab) had the least favorable toxicity profile, while the ICI-based combination treatments were tolerated. Among the four ICI-based treatments, nivolumab plus ipilimumab, and atezolizumab plus bevacizumab were associated with significantly lower rate of high-grade AEs compared with sunitinib, and the safety profiles of pembrolizumab plus axitinib, and avelumab plus axitinib were similar to sunitinib. The observed toxicities of these combination therapies were on the basis of the known profiles of ICI and targeted agents. Different from targeted therapy, toxicities of ICI-based therapies, known as immune-related AEs (irAEs), are mostly attributable to a hyperactivated T-cell response resulting in reactivity against normal tissues \[[@bb0295]\], and commonly associated with fatigue, skin rash, colitis, and asymptomatic hepatitis \[[@bb0300]\]. Though patients received ICI-based therapies possibly experienced the irAEs, toxicity of ICI were mainly manageable. For example, although the incidence of high-grade elevations in liver-enzyme levels in the pembrolizumab-axitinib group was higher than previously observed when each agent was used as monotherapy, there were no deaths related to hepatic adverse events in the pembrolizumab-axitinib group \[[@bb0055]\]. However, we should noticed that discontinuation of treatment due to AEs occurred more frequently in the pembrolizumab-axitinib group than in the sunitinib group in KEYNOTE-426 trial \[[@bb0055]\]. Overall, our results indicated that ICI-based combination treatments had favorable balance between efficacy and acceptability, since they had better OS benefit, and not higher risk of toxicity versus sunitinib, and more combination regimens with ICI-backbone were worth exploring in clinical trials.

Recently, a network meta-analysis by Wallis CJ et al evaluated first-line systemic therapies for mRCC, suggesting cabozantinib and nivolumab plus ipilimumab were likely to be the best first-line therapies \[[@bb0305]\]. Our meta-analysis differed from their study in several ways. First of all, our study included 25 available RCTs covering all the existing first-line systemic treatments for mRCC, whereas Wallis\'s study included only ten treatments. Among the RCTs we included, there were two large-scale, phase 3 RCTs (KEYNOTE-426 and JAVELIN Renal 101) published in 2019 comparing ICI related regimens (pembrolizumab plus axitinib, and avelumab plus axitinib) with sunitinib, and showing significant survival benefits for pembrolizumab plus axitinib, and avelumab plus axitinib versus sunitinib, respectively \[[@bb0055],[@bb0060]\]. However, these two important RCTs were not involved in Wallis\'s study, which could explain the disparity between our results and their conclusions. In addition, we assessed OS as the primary outcome, while in Wallis\'s study, PFS was the primary outcome, and OS was the secondary outcome. Finally, we performed both fixed-effect and random-effect models for the assessment of OS, PFS, and high-grade AEs as well as standard pairwise comparisons between treatment arms to critically complement the results of the network meta-analysis, whereas the results of Wallis\'s study were only obtained from fixed-effect model.

The strengths of our study are as follows. First and foremost, to our knowledge, this study is the most comprehensive and systematic comparative meta-analysis of all available first-line systemic treatments for mRCC. Moreover, by using the Bayesian network meta-analysis, we were able to incorporates available information from RCTs, indirectly assess multiple treatments in the absence of head-to-head trials, and provide a rank order for treatments based on OS, PFS, and high-grade AEs for mRCC \[[@bb0310],[@bb0315]\]. Though multiple comparisons might lead to the inflation of type I error in theory, the type I error rate was demonstrated to be controlled in the Bayesian network meta-analysis \[[@bb0320]\].Also, various statistical models were used for analysis to ensure the reliability and accuracy of results. Finally, assessment of both efficacy and safety provides new insights into different systemic treatments, and may provide guidance to patients and clinicians, when making treatment decisions, and designing future comparative trials. However, limitations of our study should be taken into account. The principal limitation of this network meta-analysis was based on the reporting quality of trials reviewed, as might have been affected by several types of bias, such as from blinding of participants and outcome assessment, which may reduce the accuracy of overall findings. Since eligibility criteria were not identical cross trials, some characteristics of the patients might be different, which might limit the comparability of trials. Of note, caution should be warranted in assessing cabozantinib because data of cabozantinib could be only obtained from CABOSUN. Most of the other RCTs involved in our study enrolled patients in all risk strata, while CABOSUN only enrolled patients with intermediate- and poor-risk disease, thus there was a risk of unfairly estimating the efficacy of cabozantinib, when compared it with other systemic treatments. Based on nature of the study, CABOSUN is a randomized phase 2 trial with only 79 and 78 patients in each arms, and its results may be less authoritative compared with that of phase 3 RCTs. For example, in CABOSUN, PFS was assessed by the investigators without independent review and blindness, which resulted in a potential bias. Additionally, using PFS as the primary endpoint may also affect the assessment of the OS data of cabozantinib, since treatment was continued until disease progression, and therapies administered after progression, which were not prescribed in CABOSUN may lead to a consequent but not yet clear bias. Likewise, the results of CABOSUN were considered to be controversial based on a previous study \[[@bb0325]\]. Therefore, further phase 3 RCTs with OS as the primary endpoint are necessary for more accurately evaluating the efficacy of cabozantinib. Besides CABOSUN, due to the potential influence of the treatments administered after progression on OS, data from other trials with PFS as the primary endpoint should also be interpreted more cautiously. Moreover, in some of the trails with PFS as the primary endpoint, the OS benefits of the treatments were not evaluated, which made it impossible for us to assess the OS benefits of all the existing treatments comprehensively. Furthermore, this study was not an individual patient data-based meta-analysis. Though there were no major differences in study characteristics, some confounding factors (e.g., prognostic risk categories, PD-L1 status, etc.), which might influence the benefit of systemic treatments, but were not available at the individual patient level; thus analyses adjusted for these factors were impossible in our network meta-analysis. Finally, because some factors such as length of follow-up, number of organs with metastases and PD-L1 status were not reported in some of the trials, it was impossible for us to perform the meta-regression for these factors. Instead, we explored residual heterogeneity by sensitivity analyses (excluding studies with selection bias, with detection bias, that selected non-clear cell carcinoma subtype, and that were randomized phase 2 trials), and found that removing these studies did not substantially affect the results, indicating the robustness of the findings. Furthermore, it was supposed that meta-regression was appropriate for random-effect model \[[@bb0330]\], while our analysis was based on the fixed-effect model.

5. Conclusions {#s0090}
==============

Our findings suggested that pembrolizumab plus axitinib provided the best OS benefit for metastatic RCC. Cabozantinib is the most preferred option for PFS, but it is less effective than pembrolizumab plus axitinib and nivolumab plus ipilimumab for OS. Nivolumab plus ipilimumab might also be a potent choice for metastatic RCC since it had the most favorable balance between efficacy and acceptability. Considering the limitation of this analysis, further head-to-head comparative RCTs are required to confirm our results.
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[^2]: IFN = interferon-α; PFS = progression-free survival; OS = overall survival; HR = hazard ratio; CrI = credible intervals; AE = adverse event;

[^3]: NA = not available; NR = not reached; Ref = reference group (hence hazard ratio set to 1);

[^4]: Interquartile range.

[^5]: 90% CrI; ǂ 99.1% CrI; § 99.8% CrI.

[^6]: HRs and CrIs were calculated according to the approach reported by Tierney et al.
